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E-mail address: ionesm@unicamp.br (I. Salgado).Mitochondria consume nitric oxide (NO) mainly through reaction with superoxide anion (O2 ). Here,
we analyzed the O2 sources for NO degradation by isolated rat liver mitochondria. Electron leakage
from complex III and reverse electron transport to complex I accounted for O2 -dependent NO deg-
radation by mitochondria in the presence of a protonmotive force. Mitochondria incubated with
NAD(P)H also presented intense O2 generation and NO degradation rates that were insensitive to
respiratory inhibitors and abolished after proteinase treatment. These results suggest that an outer
membrane-localized NAD(P)H oxidase activity, in addition to the electron leakage from the respira-
tory chain, promotes O2 -dependent NO degradation in rat liver mitochondria.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Nitric oxide (NO) is an important signaling molecule in a broad
range of mammalian physiological and pathological processes,
many of which are directly or indirectly related to mitochondrial
function [1]. It has long been known that NO reversibly inhibits
cytochrome c oxidase (COX), the terminal enzyme of the respira-
tory chain, by competition with oxygen [2]. This inhibitory effect
is considered to be a physiological mechanism for regulating mito-
chondrial respiration since it allows for an increase in oxygen
availability for cells distant from vessels [1]. However, prolonged
exposure to NO leads to persistent inhibition of respiratory activity
due to S-nitrosylation of complex I and reaction of NO with other
mitochondrial enzymes [3]. Therefore, the existence of mecha-
nisms that accelerate NO degradation should be of great impor-
tance in preventing the deleterious effects of this radical on
mitochondrial function and cellular viability.
In aerobic conditions, NO decay occurs spontaneously due to
auto-oxidation, and this reaction is accelerated in mitochondrial
membranes because of increased partitioning of NO and oxygenchemical Societies. Published by E
serum albumin; COX, cyto-
,5-tetramethylimidazoline-1-
-(2-hydroxyethyl)piperazine-
de; NO, nitric oxide; NOX,
ide dismutasewithin the hydrophobic membrane interior [4]. Additionally, the
enzymatic oxidation of NO to nitrite by COX has been proposed
to be an important physiological mechanism for NO degradation
[5]. However, the rapid non-enzymatic reaction of NO with the
superoxide anion (O2 ) to form peroxynitrite is thought to repre-
sent the main pathway for NO consumption in mammalian and
plant mitochondria [6–9]. When mitochondrial respiration is
inhibited by NO, this mechanism contributes to NO degradation,
thereby releasing the inhibition of COX and reactivating oxygen
consumption [6,7,9]. Electron leakage from the ubiquinone cycle
of complex III has been considered as the main source of O2 pro-
duction for NO degradation in mammalian mitochondria [6–8],
although other mitochondrial enzymes have been reported to gen-
erate O2 , such as complex I, succinate dehydrogenase and cyto-
chrome b5 reductase [10].
Another major source of O2 in the cell is the NAD(P)H oxidase
(NOX) family of enzymes, which catalyze the NAD(P)H-dependent
reduction of molecular oxygen to O2 [11]. The ﬁrst of these en-
zymes was characterized in the plasma membrane of phagocytes,
but expression of six more genes homologous to the ﬁrst described
NOX has recently been identiﬁed in many non-phagocytic cells, and
the activities of these enzymes have been associated with diverse
physiological functions and pathological processes [11]. Using
immunoﬂuorescence techniques, it was suggested that two NOX
isoforms could be located in the mitochondria [12,13]. However,
biochemical evidence for the mitochondrial localization of a NOX
has not been demonstrated.lsevier B.V. All rights reserved.
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dation in isolated rat liver mitochondria. We observed that a NOX
activity unrelated to the respiratory chain, in addition to reverse
electron transport from succinate dehydrogenase to complex I
and electron leakage from complex III, is involved in O2 -dependent
NO degradation. The importance of these activities for mitochon-
drial NO homeostasis is discussed.
2. Materials and methods
2.1. Preparation of mitochondria
Liver mitochondria from 2- to 3-month-old male Wistar rats
were isolated by the conventional method of differential centrifu-
gation [14]. Some mitochondrial suspensions were further puriﬁed
by a discontinuous Percoll gradient (7%, 19%, 52% and 62%). After
centrifugation at 85 000g for 12 min, the band of mitochondria
was collected, diluted 10-fold in wash medium and centrifuged
at 11 000g for 10 min to eliminate the Percoll and collect the
puriﬁed mitochondria. Respiratory activity was assessed using a
Clark oxygen electrode (Yellow Springs Instruments Co., Yellow
Springs, OH) in a reaction medium containing 0.125 M sucrose,
10 mM N-(2-hydroxyethyl)piperazine-N0-(2-ethanosulfonic acid)
(HEPES) (pH 7.2), 0.1% bovine serum albumin (BSA), 1 mM phos-
phate, 0.1 mM ADP, 10 mMmalate and 10 mM glutamate. Catalase
activity was measured following oxygen production stimulated by
1 mM hydrogen peroxide (H2O2). For treatment with proteinase K,
mitochondria were incubated with the enzyme (20 lg/100 lg
mitochondrial protein) for 30 min at 25 C and then centrifuged
at 12 000g for 20 min and the pellet was re-suspended in wash
medium. The mitochondrial protein concentration was determinedFig. 1. NO degradation by isolated rat liver mitochondria. Mitochondrial suspensions (0.
HEPES (pH 7.2) and 0.1% BSA in the presence of (A) 10 mM malate plus 10 mM glutam
indicated, 500 U of SOD/mL, 10 lM rotenone, 10 lM Anti-A or 10 lM myxothiazol wereby the Coomassie Blue binding method, using BSA as a standard
[15].
2.2. Simultaneous measurement of nitric oxide and oxygen
NO and oxygen concentrations were followed simultaneously in
the dark at 25 C, in a closed chamber NOCHM-4 (World Precision
Instruments, Sarasota, FL) using the electrochemical sensors ISO-
NOP and ISO-OXY-2, respectively, connected to an Apollo 4000 free
radical analyzer (World Precision Instruments). The rate of NO deg-
radation was quantiﬁed during the ﬁrst 30 seconds of NO decay.
The stock solution of S-nitrosoglutathione (GSNO) was synthesized
as described elsewhere [16] and then exposed to light for 1 h in or-
der to produce a solution of approximately 0.7–1.0 mM NO. Alter-
natively, a saturated NO solution (1.7 mM) was prepared by
bubbling NO gas through argon-purged phosphate buffer in a rub-
ber-sealed vial.
2.3. Detection of superoxide anion production
Superoxide anion production was estimated in the presence of
superoxide dismutase (SOD) following its dismutation to H2O2,
which was detected by the Amplex Red assay using a Hitachi F-
4500 spectroﬂuorometer (Hitachi Ltd., Tokyo, Japan) as described
by de Oliveira et al. [9].
2.4. Data analysis
The results are representative of at least three mitochondrial
preparations. Where appropriate, the results were expressed as
the mean ± standard deviation of experiments (n = 3–5) from a25 mg/mL) were incubated in reaction medium containing 0.125 M sucrose, 10 mM
ate (MAL), (B) 5 mM succinate (SUCC), (C) 200 lM NADH or (D) NADPH. Where
added. GSNO (200 lM) was used as an NO donor.
Fig. 3. Effect of treatment of rat liver mitochondria with proteinase K on NO
degradation. Mitochondrial suspensions (0.25 mg/mL) untreated (control) or
treated with proteinase K (proteinase) were incubated in the conditions described
in Fig. 1. GSNO (200 lM) was used as an NO donor. Basal NO decay was discounted
from the data. *P < 0.003, **P < 0.0001.
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done using Student’s t-test with P < 0.05 indicating signiﬁcance.
3. Results
3.1. NO degradation
As shown in Fig. 1A, GSNOaddition to rat livermitochondriawith
amalate-dependent protonmotive force generated a peak ofNO that
was subsequently degraded at a slow rate of 0.31 nmol min1 mg1,
which was practically the same as the basal rate presented by non-
respiring mitochondria (0.28 nmol min1 mg1). NO consumption
was increased to 0.45 nmol min1 mg1whenelectron leakage from
complex III was favored by antimycin-A (Anti-A) treatment. This
stimulatory effect was abolished when mitochondria were previ-
ously incubated with myxothiazol, which prevents the formation
of unstable ubisemiquinone [10].
In absence of inhibitors, but presence of a succinate-
dependent protonmotive force, mitochondria degraded NO at
0.49 nmol min1 mg1 and this rate was reduced to the basal levels
in the presence of rotenone (Fig. 1B). Since rotenone blocks the
reverse electron transport from succinate dehydrogenase to com-
plex I [10], the involvement of O2 generated by this pathway in
succinate-mediated NO degradation can be suggested.
As shown in Fig. 1C and D, when incubated with NADH or
NADPH, mitochondria presented higher rates of NO degradation
(0.67 and 1.40 nmol min1 mg1, respectively) in comparison to
those observed in the presence of respiratory substrates. Addition
of Anti-A or rotenone did not have any effect on NO degradation
in mitochondria incubated with NAD(P)H, suggesting that this
activity is not associated with the electron leakage from the respi-
ratory chain. NAD(P)H-mediated NO consumption was inhibited
when O2 was removed from the reaction medium by incubation
with SOD, demonstrating the importance of O2 in this mechanism
of NO degradation.
Simultaneous measurement of NO and oxygen concentrations
in the reaction medium showed that the addition of an aliquot ofFig. 2. NO degradation and oxygen consumption by rat liver mitochondria.
Mitochondrial suspensions (0.5 mg/mL) were incubated in the reaction medium
as described in Fig. 1 in the presence of (A) 5 mM succinate, (B) 5 mM succinate plus
200 lM NADPH or (C) 200 lM NADPH. An aliquot of NO saturated solution
(1.0 lM) was added after mitochondria had consumed less than 5% of the oxygen
in the medium. The numbers in parentheses refer to the NO degradation and
oxygen consumption rates expressed as nmol min1 mg1.NO saturated solution inhibited oxygen consumption by mitochon-
dria with a succinate-dependent protonmotive force, due to
the reversible NO binding to COX [2], and then NO was degraded
at a rate of 0.46 nmol min1 mg1 (Fig. 2A). When mitochon-
dria respiring with succinate were pre-incubated with NADPH,
NO was degraded at a higher rate (1.12 nmol min1 mg1), result-
ing in a rapid recovery of respiratory activity (Fig. 2B). NADPH
accelerated NO consumption even in absence of succinate
(1.04 nmol min1 mg1), a situation in which oxygen uptake by
mitochondria is negligible, showing that this mechanism of NO
degradation is independent of the respiratory chain (Fig. 2C). When
GSNO was used as an NO donor, the results were similar to those
obtained with pure NO, although NO decay rates were about 25%
slower, probably due to some NO release by GSNO during the
experiment (Supplementary Fig. S1). Moreover, the inhibitory
effect of GSNO on oxygen consumption was reverted by 2-(4-car-
boxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO),
indicating that the effect of GSNO was mediated by NO
(Supplementary Fig. S1).
In order to further characterize the NAD(P)H-dependent mecha-
nism of NO consumption, mitochondrial suspensions were incu-
bated with proteinase K, an enzyme that digests proteins located
in the outer membrane of intact mitochondria [17]. As shown in
Fig. 3, NAD(P)H-mediated NO degradation decreased to basal rates
after proteinase K treatment. This treatment did not have any sig-
niﬁcant effect (P = 0.66) on NO degradation observed in the pres-
ence of succinate (Fig. 3) and on oxygen consumption by
mitochondria respiring with malate (not shown). Additionally, in
order to eliminate the possibility that this activity could result from
a contaminant organelle, mitochondrial suspensions were puriﬁed
using a Percoll gradient. This method increased the respiratory con-
trol ratio of mitochondria respiring with malate from 3.37 ± 0.37 to
5.94 ± 0.90 and decreased the catalase activity from 8.63 ± 1.35 to
3.96 ± 0.86 mmol O2 min1 mg1, demonstrating that it yielded
mitochondrial suspensions with a higher degree of intactness and
with less contaminants. Despite this, in comparison to crude mito-
chondria, puriﬁed mitochondrial suspensions did not have signiﬁ-
cantly different (P > 0.1) NAD(P)H-mediated NO degradation
(Fig. 4). These results suggested that the NO degradation activity
coupled to NAD(P)H oxidation by intact rat liver mitochondria is lo-
cated in the outer mitochondrial membrane and cannot be attrib-
uted to contaminant organelles in mitochondrial suspensions.
3.2. Superoxide anion production
Superoxide generation by rat liver mitochondria was assessed
based on H2O2 concentration (Fig. 5). Mitochondria with a malate-
Fig. 4. Effect of puriﬁcation of isolated rat liver mitochondria with a Percoll
gradient on NO degradation. Crude or puriﬁed mitochondria (0.25 mg/mL) were
incubated in the conditions described in Fig. 1 and GSNO was used at 200 lM. Basal
NO decay was discounted from the data.
Fig. 5. Peroxide production by rat liver mitochondria. Percoll-puriﬁed mitochon-
drial suspensions (0.25 mg/mL) were incubated in the reaction medium described
in Fig. 1 supplemented with 100 U of SOD/mL, 1 U of horseradish peroxidase/mL
and 25 lM Amplex Red, in the presence of 10 mM malate plus 10 mM glutamate
(MAL), 5 mM succinate (SUCC), 200 lM NADH or NADPH. The rates of H2O2
production in the presence of 10 lM Anti-A and 10 lM rotenone were compared to
those without inhibitors (control). *P < 0.05, **P < 0.0005.
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of 0.10 ± 0.03 and 0.29 ± 0.02 nmol min1 mg1, respectively. H2O2
production by mitochondria respiring with succinate was inhibited
by rotenone, conﬁrming that the reverse electron transport is the
main source for O2 generation in the presence of this substrate.
Additionally, rotenone led to a slight increase in malate-mediated
H2O2 production, which is in accordance with the fact that this
drug also favors electron leakage by forward electron transport
in complex I [10]. A stimulatory effect on H2O2 production was also
observed by addition of Anti-A, corroborating the importance of
complex III in O2 generation.
In the presence of NADH or NADPH, higher amounts of H2O2
(0.41 ± 0.04 and 0.62 ± 0.06 nmol min1 mg1, respectively) were
produced, when compared to those generated by mitochondria
respiring with succinate or malate, which is in accordance with
the accelerated NAD(P)H-mediated NO degradation (Figs. 1–4). In
contrast to what was observed in the presence of the respiratory
substrates, NADPH-mediated H2O2 production was not signiﬁ-
cantly affected by rotenone or Anti-A (P > 0.6), demonstrating that
O2 generation is not associated with electron leakage from the
respiratory chain in this case. In the presence of NADH, a slight
stimulatory effect of these drugs on H2O2 production was ob-
served. However, the percentage increases in the presence of
NADH caused by rotenone and Anti-A (13% and 31%, respectively)
were much lower than those observed in mitochondria respiring
with malate (62% and 93%) and may result from NADH oxidationby complex I from a small subpopulation of ruptured
mitochondria.
4. Discussion
Studies carried out mainly with rat heart or liver submitochon-
drial particles [6,7] or with puriﬁed bovine heart succinate-cyto-
chrome c reductase [8] suggested that the non-enzymatic
reaction of NO with O2 generated by electron leakage from the ubi-
quinone cycle of complex III is the major pathway for NO utiliza-
tion by mitochondria. Here, we show one previously unrevealed
source for O2 generation and NO degradation in isolated rat liver
mitochondria that is independent of the respiratory chain. In the
presence of NAD(P)H, accelerated rates of O2 production and NO
degradation were detected and were completely insensitive to
drugs that have known effects on stimulating or preventing elec-
tron leakage from respiratory complexes (Figs. 1 and 5). The inde-
pendence of this NAD(P)H-mediated activity in relation to the
respiratory complexes was further evidenced by the treatment of
mitochondria with proteinase K, which abolished the NAD(P)H-
mediated NO degradation but did not have any effect in the NO
degradation by mitochondria respiring with succinate (Fig. 3).
The sensitivity of O2 -dependent NO degradation to proteinase K
in the presence of NAD(P)H also suggested that a protein is respon-
sible for this activity and probably located in the outer mitochon-
drial membrane.
Using different respiratory substrates and inhibitors, we could
also show the contribution of electron leakage from the respiratory
chain in NO degradation. In addition to the previously described
involvement of Anti-A-stimulated and myxothiazol-sensitive O2
production by complex III in NO degradation [6,8], we observed
rotenone-sensitive H2O2 generation and NO consumption by mito-
chondria with a succinate-dependent protonmotive force (Figs. 1
and 5), indicating that reverse electron transport to complex I
can also account for O2 -dependent NO degradation by intact rat li-
ver mitochondria. These results are in accordance to the increasing
evidence that complex I is the main source of O2 formation in in-
tact mammalian mitochondria [18].
An NAD(P)H-cytochrome b5 reductase has been described in
the outer mitochondrial membrane of rat liver and other mamma-
lian tissues [19]. Puriﬁed cytochrome b5 reductase of sheep liver
was shown to produce O2 using NAD(P)H as a substrate [20]. A
neuronal plasma membrane-bound cytochrome b5 reductase was
also demonstrated to present O2 generating activity [21]. However,
in both studies, the enzyme was shown to preferentially oxidize
NADH over NADPH to generate O2 . In the present study, higher
amounts of O2 were produced by NADPH, suggesting that this
activity cannot be completely attributed to a cytochrome b5 reduc-
tase, despite some involvement of this enzyme, especially in
NADH-mediated O2 generation, cannot be excluded.
In mammals, O2 can be generated using NADPH as the preferred
substrate by the NOX family members, although these enzymes
can also oxidize NADH to a lesser extent [22]. NOX are usually
associated with the plasma membrane, but the occurrence of two
mitochondrial NOX isoforms in osteosarcome and vascular smooth
muscle cells was recently suggested by studies using immunoﬂuo-
rescence techniques [12,13]. In accordance with these works, the
present study may provide biochemical evidence for the existence
of a NOX activity in the outer mitochondrial membrane of rat liver
cells.
Recently, reactive oxygen species have been recognized as
important intracellular messengers in diverse physiological func-
tions, instead of having a merely cytotoxic and pathological role
[11,23]. In this way, O2 production by a NOX activity in mitochon-
dria could have a signaling role in many processes, such as oxygen
sensing, permeability transition pore formation and apoptosis [23].
2280 H.C. Oliveira et al. / FEBS Letters 583 (2009) 2276–2280Our results suggest that this activity may also have a role in the
control of mitochondrial NO homeostasis, by modulating the stea-
dy state levels of NO, and consequently regulatory or toxic effects
on mitochondrial and cellular functions.
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